We have designed a novel aggregate of DNA block copolymer (DBC) that is sensitive to hypoxic X-irradiation. The DBC consists of tetrahydropyrane-protected 2-hydroxyethyl methacrylate as a hydrophobic unit and oligodeoxynucleotides as a hydrophilic unit, which are linked to a radiation-sensitive disulfide bond. The DBC self-assembled efficiently to form aggregates that encapsulated small molecules such as nile red and pyrene. Hypoxic X-irradiation could then induce reductive degradation of the DBC aggregates via an exchange reaction of the disulfide bond to release guest molecules.
4
There are increasing demands for effective molecular carrier systems, which can deliver drugs to target tissues in a selective manner to potentiate the effect of the drugs and eliminate any negative side effects. Of particular interest are nanoscale aggregates of amphiphiles with stimuli-responsive elements, because they can encapsulate drugs and the release them in the presence of prescribed stimuli. 1, 2 Heretofore, drug carrier systems, which are activated by photoirradiation, [3] [4] [5] change of temperature 6-9 or pH, 2,10,11 redox reaction [12] [13] [14] and so forth, have been prepared.
High-energy ionizing radiation is an attractive stimulus for controlling a functions of biomaterials. [15] [16] [17] [18] Ionizing radiation can control chemical reactions spatially and temporally without any additives. In particular, X-ray has potential of its high live-body permeability and thus has been extensively used for medical treatment and diagnosis.
Recently, we demonstrated a degradation of drug carriers and release of drugs by means of hypoxic X-irradiation. 19 We prepared DNA amphiphiles (DAMs) consisting of oligodeoxynucleotides (ODNs) as the hydrophilic unit and an alkyl chain as the hydrophobic unit, which were linked by a radiation-sensitive disulfide bond. 20, 21 DAMs assembled in aqueous solution to form nanosized aggregates that encapsulated 5 hydrophobic drugs. X-irradiation induced an exchange reaction of the disulfide bond and thereby triggered a dissociation of the DAM aggregate and release of enclosed drugs. Although DAM aggregates were promising as radiation-activated drug carriers, DAMs showed large critical aggregation concentration (CAC) values, indicating that large amounts of DAMs were required to form drug carriers. In the light of minimization of cytotoxicity, drug carriers consisting of small amounts of amphiphiles are imperative.
The context of previous research prompted us to construct another type of amphiphile to improve its properties. We have now designed a DNA block copolymer (DBC), which consists of tetrahydropyrene-protected 2-hydroxyethyl methacrylate as the hydrophobic unit 1 and ODNs as the hydrophilic unit, which are linked by the disulfide bond ( Figure   1 ). The DBC formed its aggregates in aqueous solution with a smaller CAC value than that of DAMs, and encapsulated a hydrophobic dye as a virtual drug. The DBC aggregates were readily degraded by hypoxic X-irradiation to release the encapsulated dyes.
An amphiphilic DBC possessing disulfide bond was prepared by coupling of a hydrophobic polymer (HP) and 30 mer ODNs possessing a thiol group at the 5'-end according to the previous report. 1 The crude product was purified by HPLC and the formation of the DBC was determined by MALDI-TOF mass spectrometry. 22 Aggregation of the DBC was evaluated using a fluorescence probe of nile red as a hydrophobic dye. 23 Nile red shows no fluorescence emission in an aqueous medium because of its poor solubility, whereas it shows intense fluorescence, even in water, when it is solubilized into the hydrophobic interior of aggregates consisting of amphiphiles. 1 Therefore, we can monitor the aggregation of the DBC by fluorescence emission. As shown in Figure 2A , intense fluorescence of nile red was observed in the presence of aggregate-forming DBC even in water, but was dramatically suppressed in the presence of either the hydrophilic 30 mer ODN unit or the HP alone. These results strongly indicate that the DBC formed aggregates in water and encapsulated the nile red.
In a separate experiment, we conducted enzymatic digestion of the DNA unit of the aggregates and monitored the fluorescence change ( Figure 2B ). After treating the aggregates with nuclease P1, phosphodiesterase, and alkaline phosphatase, which convert ODNs into monomeric nucleosides, the fluorescence emission was dramatically suppressed because of the decomposition of the aggregates. Thus, the hydrophilic unit of ODNs in the DBC is indispensable for aggregate formation.
We next determined the CAC of DBC using nile red. The concentration of DBC was varied and the change in the relative emission intensity was plotted. As shown in Figure   3A , a sudden increase in fluorescence intensity was observed at a DBC concentration at 21 nM, which was assigned to the CAC. Given that the CAC value of the previous DAM was 2.3-8.8 M, the long and bulky hydrophobic unit in DBC is critical for the formation of stable aggregates. To verify further the formation of the DBC aggregates and measure the size of the assembly, we conducted transmission electron microscopy (TEM) image analysis and dynamic light scattering (DLS) experiments. Figure 3B shows a representative TEM image of the aggregates. The DBC formed aggregates with spherical and elliptical shapes with a diameter of 101 ± 10 nm. Alternatively, the diameters of aggregates in water measured by DLS were estimated to be 194 ± 49 nm ( Figure 3C ). These results clearly indicate that the DBC formed aggregates of more than 100 nm diameter.
An attempt was also made to demonstrate the radiolytic decomposition of the DBC 8 aggregates and the release of the functional molecules encapsulated in the aggregates. 24 The hydrophobic unit and the hydrophilic unit in DBC were linked by radiation-sensitive disulfide bond. 20, 21 We therefore predicted that radiolytic reduction would induce a degradation of the aggregates because the exchange reaction at the disulfide bond would destroy the balance between the hydrophilic and hydrophobic units in the DBC. We performed radiolytic reduction of the DBC aggregates in argon-purged aqueous solution containing an excess amount of 2-methyl-2-propanol under hypoxic conditions. Reducing hydrated electrons and hydrogen atoms (H • ) are thus generated as the major active species under these radiolysis conditions, where oxidizing hydroxyl radicals (OH • ) may be effectively scavenged by the 2-methyl-2-propanol. 25 To monitor the radiolysis, we employed a fluorescent pyrene molecule as the functional molecule encapsulated in the aggregates, because nile red is unstable to radiation. Figure 4 shows representative fluorescence spectra of pyrene in the aggregates. We observed strong fluorescence around 400 nm from the sample without irradiation, while the fluorescence intensity of pyrene decreased with increasing radiation dose. This result indicates that hypoxic X-irradiation degraded the DBC 9 aggregates, resulting in a release of pyrene and a decrease in fluorescence emission. The amount of pyrene released from the DBC aggregates was estimated to be 99 nM after 360 Gy of hypoxic X-irradiation. Thus, it is reasonable to conclude that DBC formed efficiently its aggregates, which were easily degraded by X-irradiation to release enclosed molecules.
In conclusion, we prepared an amphiphilic DNA block copolymer possessing disulfide bond (DBC) and characterized its properties as a radiation-activated drug carrier. The 
